Introduction
Continuous fiber-reinforced composites based on thermoset matrices have been conventionally used to build lightweight and durable load-bearing structures, such as pipelines, boat hulls, aircraft wings, and fuselages. Recently, thermoplastic-based composites have been increasingly used to produce load-bearing components due to their shorter production cycles, recyclability, improved environmental resistance, and ductility. Thermoplastic composites with improved ductility are particularly promising for impact-prone automotive structures, such as beam stickers, internal door supports, and roofs. These automotive applications call for a detailed understanding of the composite's response under out-of-plane loading.
Multidirectional laminates consisting of plies with various fiber orientations exhibit a complex damage phenomenology under out-of-plane loading. Damage typically starts in the plies that are transversely loaded in-the-plane, beginning with fiber/matrix debonding or microcracking in the bulk matrix and then growing to form transverse cracks [1, 2, 3] .
Transverse cracks then initiate delamination between or within plies until final failure [4, 5, 6, 7] . A key step in impact damage is the transition from transverse cracking to delamination.
Delamination results from a concentration of stress at the interface due to out-of-plane shearing of existing transverse cracks. Most models have failed to represent the coupling between these two mechanisms correctly. Only models that explicitly introduce cracked surfaces in the micromechanical description [8] or that introduce non-local coupling between plies and interfaces at the meso-scale [9] have successfully captured this coupling. Even so, feeding these models with well-identified material parameters remains challenging.
Observation of damage and crack progression during out-of-plane testing of laminates can be challenging. Testing of plates under quasi-static indentation or impact does not allow the detailed damage mechanism to be monitored during the loading process. Several studies used a simplified test configuration based on a small beam-type specimen under 3-or 4-point bending, in which the fiber and matrix phases could be clearly observed under a scanning electron microscope (SEM) [10, 11, 12, 13, 14] . The specimen configuration enabled the tracking of damage and fracture at the fiber/matrix level and the validation of numerical models. Hobbiebrunken et al. [10] studied transverse cracks in a cross-ply of carbon/epoxy. From the numerical model, they determined that transverse cracks are essentially governed by the interfacial normal strength of the fiber/matrix. Likewise, Canal et al. [11] conducted similar tests on a glass/epoxy beam with notches. They used a finite element simulation of the transverse crack based on the embedded cell method, which revealed that the fracture toughness mainly depended on fiber/matrix interface properties rather than the bulk matrix properties.
Despite progress in this field, how micro-scale test results should be compared with standard fracture test results remains unclear. Certainly, the absolute fracture toughness values obtained by both strategies are expected to be different because the loading configurations and morphologies are different. Yet, an approach to compare the relative values of these strategies need to be further investigated. Additionally, most micro-scale studies were conducted on thermoset-based composites, in which the effect of ductility and viscosity may not be comparable with that in thermoplastic-based composites. Furthermore, characterization of microscopic damage and fracture toughness of thermoplastic-based composites (e.g., on carbon fiber-reinforced PEEK [15, 16, 17, 18, 19, 20, 21] and on glass fiber-reinforced polypropylene [22, 23, 24, 25, 26, 27] ) was only conducted under post-mortem conditions, i.e. observing the fractured surfaces of the failed samples. In-situ observations of microscopic damage mechanisms involving multiple types of damage in thermoplastic composites has not been revealed in details.
In this work, we developed a three-point bending test setup for facilitating in-situ microscale observation with SEM. The setup allows the transverse cracks and delamination to be isolated and observed at micro-scale where damage features and fracture toughness of respective mechanisms of degradation can be estimated. We used the setup to study the damage behavior of continuous glass fiber-reinforced polypropylene composites made from either homopolymer or copolymer polypropylene. To better understand what should be the proper interpretation of the fracture toughness obtained by our three-point bending test setup, we carefully compared the relative quantities obtained in our tests with those of standard fracture tests, namely the single edge notch bending (SENB) test for intralaminar Mode-I fracture toughness, and the double cantilever beam (DCB) and end-notched flexure (ENF) tests for Mode-I and Mode-II interlaminar fracture toughness, respectively.
Experimental Details

Materials and manufacture of laminates
We utilized a polypropylene (PP) matrix reinforced with continuous E-glass fibers. To show that our approach is able to rank two material grades with respect to their resilience to out-of-plane loading, we used two PP matrix systems, i.e. homopolymer PP and impactmodified PP (copolymer) designated as "GF-PP" and "GF-IPP", respectively. We reported results on an investigation of GF-IPP earlier [28] . The materials were provided by SABIC in the form of unidirectional tape (0.25 mm thick and 110 mm wide). The fiber volume fractions of GF-PP and GF-IPP were 45% and 41%, respectively. We used a static hot press (Pinette Emidecau Industries 15T) to manufacture GF-PP and GF-IPP laminates. We stacked layers of tape, and inserted them into a custom-made metallic mold (aluminum mold for GF-PP and steel mold for GF-IPP). The consolidation cycle for GF-PP was as follows: under a constant pressure of 6.8 bar, the laminate was heated to 230°C and dwelled there for 20 min; the temperature was then reduced to room temperature at a rate of 22°C/min. The consolidation cycle for GF-IPP was similar to that of GF-PP but with constant pressure and dwelling temperature of 7.5 bar and 210°C, respectively. The dimension of the GF-PP plate was 250×110 mm 2 , while that of GF-IPP was 275×110 mm 2 .
Standard fracture test methods
We evaluated Mode-I intralaminar fracture toughness of glass/polypropylene laminates using the single-edge-notch bending (SENB) test following ASTM D-5045 Standard [29] .
Here, SENB intralaminar fracture toughness is measured for a transverse crack growing in the thickness direction, to be distinguished from intralaminar fracture toughness based on the transverse crack growing along the fiber direction [30] . The sample lay-up was [0] 30 and the dimension was 36 × 7.5 × 4 mm 3 . A notch of 3.75 mm was introduced in the middle of the sample using a diamond cutting saw. Then, a razor blade was manually tapped into the notch to create an initial crack of 0.5 mm. We verified that these procedures were giving a consistent dimension among samples. We performed the SENB test using a custommade three-point bending (3PB) setup installed in the micro tensile/compression machine (Kammrath & Weiss) with a 5-kN load-cell. The loading speed was 1.2 mm/min. We measured the energy derived from the integration of force-displacement curve and considered it as the Mode-I fracture toughness. The integration process was made up to a critical point, which is the maximum force if it falls within 1.00-1.05 C (C is the sample's elastic compliance). Otherwise, the critical load is taken as the load value precisely at 1.05 C. We also included a correction for specimen compression and system compliance as well as pin indentation at the loading point [29] .
Mode-I interlaminar fracture toughness of glass/polypropylene was evaluated using the double cantilever beam (DCB) test following ASTM D-5528 Standard [31] . We prepared Once the initial delamination has been fully opened, the mechanical loading was applied and force-displacement curve was recorded. The delamination growth on the specimen edge (containing scales) was captured using PCO SensiCam camera with a frame rate of 0.165 Hz and 0.330 Hz for GF-PP and GF-IPP, respectively. We used higher frame rate for GF-IPP because the delamination growth in GF-IPP was relatively faster than that in GF-PP. Mode-I fracture toughness (G c ) was calculated using a Modified Beam Theory (MBT) described in [31] . We calculated G c -initiation at the onset where the delamination started to propagate (pop-in), and was observable in the optical images. G c -propagation was calculated as an method where the maximum load was considered as a critical load [32] . In CC method, we first positioned one of the 3PB supporting pins at three distances sequentially, i.e. 20 mm, G c -initiation is calculated using the maximum load value (at 30 mm), the new crack length, and the compliance calibration. This entire process was then repeated for the second time, starting with the crack that has been propagated in the first round, to obtain G c -propagation.
For GF-IPP, the crack length after the first round of compliance calibration (CC-1) was ranging between 47 and 48.5 mm. For GF-PP, CC-1 was ranging between 41.5 and 52.5 mm. In the second round of compliance calibration (CC-2), the new crack length in GF-IPP was ranging between 48.2 and 57.9 mm. Unfortunately, we could not obtain the result of CC-2 for GF-PP because all samples were failed by local buckling under the loading pin before the crack managed to propagate.
Micro-scale three-point bending test method
We proposed to use the three-point bending test method to isolate the growth of two principal damage mechanisms at the micro-scale, i.e., transverse cracking and delamination, under a scanning electron microscope (SEM). Hereafter, we call the method micro-scale (Fig. 1b). [0] plies, which were in direct contact with the loading pin during the micro-3PB test, also ensured no premature crushing in [90] plies. It should be noted that this unsymmetrical lay-up created a postmanufacturing curvature due to thermal residual stresses. However, we validated that the curvature was negligible because the residual deflection associated with the residual stresses was small (less than 1%) compared to the maximum displacement applied during the test.
To aid the observation under scanning electron microscope (SEM), one of the specimen edges was wet-polished using rotating sandpaper (Struers TegraPol-35) and then sputtered using a 5-nm layer of Au/Pd. Two ends of the specimen were wrapped using a conductive aluminum tape to guarantee an electrical discharge during SEM analysis. We performed micro-3PB tests on GF-PP and GF-IPP specimens using a micro tensile/compression machine (5 kN load cell, Kammrath & Weiss, see Fig. 2a ) where we designed a 3-pin fixture fitted into the grips of the machine (Fig. 2b) . The entire setup was installed inside SEM machine (Quanta 600F, FEI) for an in-situ damage observation. We applied the load up to failure with the loading speed of 1.2 mm/min. SEM images were obtained continuously with a frame rate of 1 frame/sec. We then used the SEM images to measure the crack length. The procedure to calculate the fracture toughness is discussed in Section 3.3.
Results and Discussion
Force-displacement curves from micro-3PB test
The force-displacement curves of GF-PP and GF-IPP (five samples each) from the micro-3PB test is shown in Fig. 3a . The scatter in the curves indicates that the mechanical response was partly affected by the geometrical variation in the sample width B and thickness h. Fig. 3b shows that the scatter in the curves is improved. The fact that GF-PP and GF-IPP do not produce a significant difference in terms of force-displacement response is ascribed to the high bending stiffness of [0] plies that controls the global mechanical response. Albeit improved, the data scatter in Fig. 3b was also influenced by the variation of local fiber volume fraction, fiber waviness and fracture process at the micro-scale, which affected the overall response of such a small specimen. The load drop at 10 N (Fig. 3a) or 2 N/mm 4 ( Fig. 3b) is strongly related to the initiation and propagation of transverse crack. The initial drop was caused by fact that the transverse crack grows quite quickly and its position is also relatively far from the neutral axis, which affects the bending response. The end of the load drop, which is characterized by the recovery of stiffness, is related to the propagation stage where the growth of transverse crack is slowing down as it enters the rich-resin area close to the interface (transition point).
3.2. Damage mechanism from micro-3PB test in all tested samples.
The detailed characteristic of transverse crack, taking GF-IPP as an example, is shown in Fig. 5 . After the damage was initiated at the tip of the initial crack, the fiber-matrix debonding initiated in the fiber-rich layers where the stress concentration between fibers is the highest. Afterward, the coalescence of cracks over resin-rich layers ensued. In this regard, resin-rich layer temporarily halted the transverse crack growth, while fiber/matrix debonding in the adjacent fiber-rich layer initiated ahead of the transverse crack tip. A similar observation was also reported for ductile polyurethane-based composites [34] . Another feature of the transverse crack was the crack opening that is bridged by the matrix fibrillation, which was not observable in the thermoset composites [10, 11, 12] . The fibrillation suggested that the crack was formed by the crazing mechanism due to disentanglement of polymeric chains [35] . We used the damage phenomenology described above to differentiate the two glass/polypropylene types. Here, the initiation and propagation of transverse cracks (which are mainly controlled by the interfiber distance [39] rather than by the matrix toughness) were similar for both GF-PP and GF-IPP. A clear difference between GF-PP and GF-IPP was observed when the transverse crack reached [0/90] interface and the delamination began to increase.
At this stage, GF-IPP exhibits a longer delamination than GF-PP by a factor of two (the damage measurement is described in Section 3.4). The thickness of the interlayer is similar for both GF-PP and GF-IPP, which is around 97 µm. This difference with respect to delamination is therefore mainly attributed to the effect of the different matrix ductility and toughness between GF-PP and GF-IPP. Finally, the strenuous transition from transverse cracking to delamination in GF-PP suggests that GF-PP should perform better than GF-IPP in terms of delamination resistance at the larger scale, e.g., during DCB and ENF tests (as later shown), or during the quasi-static indentation (QSI) test [40] .
Fracture toughness from the micro-3PB test
We used our test to identify the effective fracture toughness, G c , that includes the dissipation originating from all possible mechanisms of dissipation (volume mechanisms such as plastic deformation and crazing or surface mechanisms such as cracking). Indeed, dissipation in the bulk of the material always exists. Standard fracture tests are designed to minimize the bulk dissipation to identify the surface energy related to fracture. However, in a pragmatical approach such as the one we are developing here, it is useful to evaluate the effective fracture toughness including the bulk dissipation. Indeed, the test comes close to a real out-of-plane configuration and total dissipation is much better identified under such conditions. The strain energy of a system, W (F, δ), can be calculated as follows:
and the fracture toughness (equal to the strain energy release rate during propagation) is given as:
where force F and displacement δ were obtained from the PC connected to the Kammrath & Weiss machine; A is crack area (A = a.B), B is specimen width, a is measured crack length. G c can be directly calculated from the slope of curve-fitted line correlating (F δ/2B) and a. We separately calculated G c based on the crack length a measured in the transverse crack and delamination phases. Fig. 7 shows the SEM image used for measuring total crack length, consisting of initial crack, transverse crack, and delamination (always symmetrical). The results correlating the crack length and pin displacement for GF-PP and GF-IPP are shown in Fig. 8 . We found that GF-PP and GF-IPP experience similar transverse crack progressions, but differ in terms of delamination. As a result, the fracture toughness, G c , during transverse cracking of GF-PP was similar to that of GF-IPP. On the other hand, as shown in Table 1 , G c of GF-PP during delamination was three to four times higher than that of GF-IPP. The relative value
for each fracture mode is also given in Table 1 
Contribution of matrix deformation on energy dissipation
We further performed incremental micro-3PB test to measure the contribution of matrix deformation on the energy dissipation during the damage process (transverse crack and delamination). Here, we performed a set of load/unload tests on both materials with incrementally increasing displacement (100, 200, 300, 400, 500, 1000, 1500, and 2000 µm).
We tested five specimens for each material system. Typical load/unload curves for GF-PP and GF-IPP are shown in Fig. 9 . We then measure the crack length, residual displacement (displacement onset in the unloading phase when the force is zero), stiffness degradation and energy dissipation at each cycle. The stiffness of each cycle S i was calculated as a slope between 1 N and 5 N in the loading phase of force-displacement curve. The range of 1-5 N represents the first cycle where the response is still elastic and does not feature any crack evolution. Then, stiffness degradation d i is calculated as follows:
where S 0 is a reference, undamaged stiffness taken at the initial loading phase. Note that the stiffness here is not a material property, but a sample-specific quantity. This approach is deemed reasonable in order to decouple the contribution of elastic/damage and plastic parts during material degradation. It should be noted that the damage does not represent a material damage as in mesoscale damage mechanics approach. Instead, it is an equivalent damage that can be represented by a global stiffness reduction of sample at macro-scale.
Finally, the energy dissipation is calculated from the hysteresis area of the load/unload curves.
. During the first phase (propagation of the transverse crack), GF-IPP and GF-PP exhibit similar residual displacements and stiffness degradations. The contribution of matrix deformation is therefore negligible during this phase, which is mainly governed by the inter-fiber distance. During the second phase (propagation of the delamination), the interpretation is quite different. GF-PP exhibits a greater cumulative residual displacement as compared to GF-IPP (see Fig. 10a ), and it experiences a sharp increase in residual displacement during delamination (see Fig. 10b ). The trend of dissipated energy in GF-PP and GF-IPP as shown in Figs. 10c-d follows with the trend of residual displacement. GF-PP globally dissipates more energy than GF-IPP does and this dissipation is realized through both the increase in crack length (but limited) and the increase in residual displacement, which together suggest a strong contribution by the matrix deformation. Here, the matrix deformation could be due to viscoelasticity or plasticity, which is usually shown by some relaxation after the test has been paused. The effective toughness identified during the delamination phase globally encompasses all these effects. Further study of the contribution of viscoelasticity on the matrix deformation is left to future research.
Standard fracture test results
Force-displacement curves of SENB shown in Fig. 11a indicates that Mode-I intralaminar fracture response, i.e., transverse crack behavior, of GF-PP and GF-IPP is similar. The scatter in Fig. 11a was influenced by the variation of specimen's geometry (width, thickness), fiber volume fraction of small specimen, and transverse crack process at micro-scale, which is induced by the fiber distribution. DCB test results, i.e. force-displacement, for GF-PP and GF-IPP are shown in Fig. 11b . In such opening mode (Mode-I), GF-PP is significantly tougher than GF-IPP, which typically corresponds to a slower crack progression. Forcedisplacement curves of ENF test for GF-PP and GF-IPP are shown in Fig. 11c . Similar to Mode-I, force-displacement curves from Mode-II ENF test show that GF-PP achieved a higher peak force compared to GF-IPP, which suggests a higher Mode-II fracture toughness.
After measuring the crack length for each fracture test, we calculated the corresponding fracture toughness G c and tabulated the test results in Table 2 . Mode-I intralaminar fracture toughness of GF-PP is around 10% higher than that of GF-IPP, indicating that PP type does not significantly affect the transverse crack phase of glass-reinforced polypropylene. Mode-I interlaminar fracture toughness of GF-PP is 3.5 and 6.4 times higher than that of GF-IPP during initiation and propagation phases, respectively, due to its higher matrix ductility and extensive fiber bridging (shown in Fig. 12 ). In terms of the absolute magnitude, our G c is comparable with the value reported in Refs. [22, 25, 26, 27] . Mode-II interlaminar fracture toughness of GF-PP during initiation is also higher than that of GF-IPP. Likewise, our G c of ENF tests are comparable with those provided in Refs. [23, 24, 25, 27] . Unfortunately, we could not obtain G c during propagation because all ENF samples failed by buckling during the second compliance calibration round, even before reaching the force necessary to propagate the delamination. Fig. 14c in the Appendix). This is also consistent with the observation of intense shear-induced microcracks in the SEM observations. However, we again emphasize that the identified toughness is a globalizing parameter corresponding to the specific Mode-I/Mode-II ratio for the chosen micro-3PB configuration.
We suggest that the proposed micro-3PB test is suitable to rank the relative fracture toughness of different materials (where the measurement on a reference material is required).
The specimen's interface of [0/90] studied in our micro-3PB test represents a classical interface, which could be useful in probing the transition from transverse cracking to delamination under out-of-plane loading, such as is done by the lay-up in Ref. [40] . Obviously, our micro-3PB test needs to be evaluated for other interfaces given that Allix et al. [41] and Daghia et al. [42] have demonstrated that the relative orientation of the plies at the interface can have a major influence on interlaminar fracture properties. We believe that our micro-3PB test could provide configuration-specific material parameters that are needed, for instance, in out-of-plane impact models.
Conclusions
An in-situ experimental approach based on three-point bending setup was developed to assess the micro-scale fracture behavior of glass/polypropylene laminates under scanning electron microscope (SEM). We applied this approach to study the fracture behavior of homopolymer-based and copolymer-based glass-reinforced polypropylene (namely, GF-PP and GF-IPP, respectively) laminates. We found that homopolymer and copolymer PP, which represent ductile and less-ductile matrices, produce similar transverse crack behavior in glass/polypropylene system, which shows the dominance of inter-fiber stress concentration over matrix toughness during the transverse cracking process. On the other hand, GF-PP is more resistant to delamination (correspondingly, exhibits a higher fracture toughness) than GF-IPP. An evidence of mixed-mode (Mode-I and Mode-II) fracture behavior in the resinrich layer, e.g. shear-induced microcracks and fibrillation, was attained by the micro-3PB and SEM.
In a single experiment, our micro-3PB test is effective in revealing the micro-scale features of transverse cracks, transition points and delamination. This approach is also practical in ranking the materials based on their relative fracture toughness (during both transverse cracking and delamination). It is potentially a cost-effective approach given that a large number of materials (with a relatively small sample size) can be categorized based on their fracture behaviors and the relative magnitude of fracture toughness.
Appendix A. Finite element analysis of initial crack length
A1. Introduction
The numerical approach used to choose a notch length, a 0 = 1 mm, is given here. a 0 was selected to ensure that the transverse crack remained relatively stable during displacementcontrolled micro-3PB.
A2. Governing equations
Proportionality coefficient α a is a scalar that depends on the system geometry (length L, width B, thickness h as well as the notch length a) and material parameters. The relation between strain energy of a system and the proportionality coefficient is expressed as follows
where δ is loading pin displacement, W (a, δ) is strain energy of a system. The strain energy release rate G for a linear elastic system under displacement control is defined as follows:
where U is the potential energy of a system, A is the crack area (A = a.B). For a crack that is propagating in a stable manner, we assume that
where G c is critical energy release rate or fracture toughness. Finally, we can establish an expression that defines the relation between crack length a, pin displacement δ at any given critical energy release rate G c as follows:
A3. Finite element model and procedure Remark. This numerical analysis is certainly a coarse approximation based on the assumption that the toughness is constant throughout the crack path, especially during transverse crack-to-delamination transition. The approximation was made to guess the initial notch length, which produced a stable crack propagation. By comparing the numerical result with the experiments, we found that the selected notch length indeed resulted in a stable crack propagation.
A4. Finite element results
As a first step, we verified our assumption of using computationally-efficient 2D plane strain elements in the FE model. We compared the strain energy W over the crack length a for 2D plane strain, 2D plane stress and 3D full stress depicted in Fig. 14a . It is found that they produced similar strain energy values over the studied crack length, showing that the selected elements have a negligible though-thickness edge effect.
We then calculated coefficient α a using Eq. 4. ∂α a /∂a was obtained numerically using central difference method. The relation between crack length a and pin displacement δ was calculated using Eq. 7. Fig. 14b depicts the solution for a hypothetical value of critical energy release rate G c = 1 kJ/m 2 (for both the transverse crack and delamination We further used the FE models to study the mode-mixity during the transverse crack and delamination phases by adopting the Virtual Crack Closure Technique (VCCT) [43] . 
